Introduction
Soft magnetic Fe-M-B-(Cu) (M ¼ Zr, Nb and Hf) nanocrystalline ribbons are of potential applications in many fields. Previously, those ribbons were fabricated by crystallization of amorphous ribbons through annealing processes. [1] [2] [3] [4] The atomic content of Cu in conventional Fe-M-B-Cu annealed ribbons was typically 1%, and their primary asquenched states were mainly amorphous. The good soft magnetic properties of those annealed ribbons originated from the microstructure consisting of -Fe nanograins (about 8$20 nm) and remaining amorphous matrix. It has been found that Nd-Fe-B hardmagnetic nanocrystalline ribbons can be prepared directly by melt-spinning technique without annealing processes, where the controlling of wheel speed is important for obtaining Nd 2 Fe 14 B nanostructure with high performance. 5) Recently, we reported that nanocrystalline ribbons Fe-Zr-B-Cu with appropriate Cu content could be fabricated by melt-spinning technique without additional annealing. 6, 7) The Cu contents in as-quenched Fe-Zr-B-Cu nanocrystalline ribbons were higher than those in the conventional annealed ones. The appropriate Cu addition could improve the nucleation of -Fe in as-quenched ribbons. We also noticed another interesting phenomenon that excess Cu addition brought about the amorphous reentrance for Fe-Zr-B-Cu as-quenched ribbons. 6 ) However, we did not give explanations about it at that time. It has been found that Fe-Zr-Nb-B-Cu annealed nanocrystalline ribbons can exhibit very large permeabilities (eg. 
Experiments
Fe 87Àx Zr 3:5 Nb 3:5 B 6 Cu x (x ¼ 0, 1, 2, 2.5, 3, 3.5, 4 and 5) alloys were prepared by arc-melting under argon atmosphere. The buttons were melted four times to ensure homogeneity. Ribbons of about 25 mm thickness were prepared by the single roller melt-spinning technique with a wheel speed of 35 m/s. The structure of as-quenched ribbons was examined by X-ray diffraction using Cu K radiation. The real permeability 0 at 1 kHz and 1 A/m was measured by the equivalent impedance method using a coil with an impedance analyzer, where four pieces of ribbons were used to form a closed magnetic path. The saturation magnetic induction Bs was measured by vibrating sample magnetometer at room temperature. The measurement of effective saturation magnetostriction S for ribbons x ¼ 0 and x ¼ 3 were done using a strain gauge method, through measuring the strains along the ribbon axis in parallel and perpendicular (in plane) fields up to 1035 kA/m. 8) The longitudinal magnetoimpedance measurement for as-quenched ribbons with 2 mm width and 20 mm length was performed with an impedance analyzer at room temperature. AC current with the amplitude of 10 mA and DC magnetic fields were applied in the direction along the ribbon length for magnetoimpedance measurement. Cu 1 (x ¼ 1), the extended peak of amorphous phase is obvious, whereas the diffraction peak (110) of -Fe is very weak and diffraction peak (211) is invisible. Such results implies that the ribbon x ¼ 1 is mainly dominated by amorphous state, but there are few -Fe grains in as-quenched ribbons. Usually, an annealing process is necessary for obtaining Fe-Zr-B-Cu or Fe-Zr-Nb-B-Cu (with 1 at% Cu) nanocrystalline ribbons with good soft magnetic properties. [1] [2] [3] [4] Fe-Zr-B or Fe-Zr-Nb-B amorphous alloys form nanocrystalline microstructure by crystallization through annealing even without Cu.
Results and Discussion
2) It was also found that addition of Cu reduced the grain size of -Fe and improved soft magnetic properties in some annealed Fe-Zr-B-Cu ribbons.
2) Using atom probe field ion microscopy (APFIM), Zhang et al. 9) showed that the Cu addition in Fe 89 Zr 7 B 3 Cu 1 caused the formation of Cu clusters prior to the onset of the crystallization reaction, inducing significant fluctuations in Fe concentration without affecting concentrations of Zr and B. Using three-dimensional atom probe (3DAP), high resolution electron microscopy (HREM) and nanobeam electron diffraction (NBD) techniques, Ohkubo et al. 10) found that the Cu clusters which were formed prior to the onset of the primary crystallization directly served as heterogeneous nucleation sites for the -Fe primary crystals. Different from the conventional route for crystallization with annealing, [1] [2] [3] [4] we prepared nanocrystalline ribbons by meltspinning technique through adding high contents of Cu element in alloy without any annealing processes. For asquenched ribbon Fe 84 Zr 3:5 Nb 3: (200) and (211) of -Fe are evident (see Fig. 1 ). The appropriate Cu addition effectively improves the crystallization of -Fe in Fe-Zr-Nb-B-Cu as-quenched ribbons. Our results strongly confirm the previous conclusion derived from the microstructural observation for Fe 89 Zr 7 B 3 Cu 1 annealed ribbons, 9, 10) that the addition of Cu in Fe-Zr-B ternary alloys brings about the Cu clusters which serve as nucleation sites of -Fe. The grain size of -Fe in asquenched Fe 84 Zr 3:5 Nb 3:5 B 6 Cu 3 (x ¼ 3) ribbon was estimated as 13 nm from X-ray diffraction pattern with Scherrer's method. The crystalline fraction could be estimated approximately from the ratio of the intensities of the crystalline (110) and amorphous peaks. 11, 12) By this method, the crystalline fraction was obtained as about 52% for as-quenched Fe 84 Zr 3:5 Nb 3:5 B 6 Cu 3 (x ¼ 3) nanocrystalline ribbon. With further additions of Cu content (x ! 3:5) diffraction peaks of -Fe become weak (see Fig. 1 ). The ribbons x ¼ 4 and 5 are more flexible than ribbon x ¼ 3, but are more brittle than ribbons x ¼ 0 and 1. Practically, metallic nanocrystalline ribbons are brittle whereas metallic amorphous ones are flexible. The mechanical characteristics connected with the X-ray diffraction results imply that the amount of amorphous phase enhances at high Cu contents (x ! 3:5). The excess Cu addition in Fe 87Àx Zr 3:5 Nb 3:5 B 6 Cu x alloys doesn't favor nanocrystallization of as-quenched ribbons. Similar phenomenon was previously observed in as-quenched Fe 90Àx Zr 7 B 3 Cu x ribbons. 6) In the following, we try to give an explanation for this phenomenon. In order to explain the optimal Cu contents for obtaining the highest permeability in annealed Fe 74:5Àx Si 13:5 B 9 Nb 3 Cu x (x ¼ 0, 0.5, 1 and 1.5) nanocrystalline ribbons, the kinetics of Cu clustering and primary crystallization have been investigated by Ohnuma et al. 13) Their results showed that an optimal Cu content for obtaining the largest permeability was x ¼ 1, corresponding to the largest effective number-density of Cu clusters. The coarsening of the clusters occurs prior to the heterogeneous nucleation of Fe(Si) primary crystals. The excess Cu addition results in the coarsening of Cu clusters and the decrease of the effective number-density of Cu clusters.
13) The weakening of nucleation effect of -Fe and the enhancement of amorphous state at high Cu dopants (x ! 3:5) in as-quenched We have also measured saturation magnetic induction B s for as-quenched Fe 87Àx Zr 3:5 Nb 3:5 B 6 Cu x ribbons, and results are plotted in Fig. 2. The B s value of amorphous ribbon x ¼ 0 is 0.47 T. There is an increase of Bs with increasing Cu content in ribbons. The maximum value of Bs is about 1.18 T at x ¼ 3. Since Cu element is non-ferromagnetic, such enhancement of Bs value should be attributed to the improvement of nucleation of -Fe. As shown in Fig. 2 , the Bs drops at high Cu contents (x ! 3:5). For example, the Bs value is 0.7 T for as-quenched ribbon x ¼ 5. This reduction of Bs is due to the non-ferromagnetic Cu dilute effect and the re-enhancement of amorphous proportion in the as-quenched ribbons. The Cu content dependence of permeability 0 (at 1 kHz and 1 A/m) for as-quenched Fe 87Àx Zr 3:5 Nb 3:5 B 6 Cu x ribbons is presented in Fig. 3 14) that the effective saturation magnetostriction constant s for nanocrystalline soft magnetic alloys was determined by a balance between contributions of the crystallites and the remaining amorphous matrix. Due to the existence of the interfacial phase in the nanocrystalline alloys, where the magnetoelastic coupling differ from those in the bulk of the two main constituent phases, the surface magnetostriction of the particles should be considered. 15, 16) It is now widely accepted that the effective s is mainly due to the competition among the contributions from amorphous, nanocrystalline and interfacial phases. The amorphous phase usually has positive s . Frequently, the s is negative for nanocrystalline Fe-Zr-B (such as Fe 90 Zr 7 B 3 ) but is positive for nanocrystalline Fe-Nb-B (such as Fe 84 Nb 7 B 9 ). 4) Therefore, it is possible to obtain a very small s in as-quenched Fe-Zr-Nb-B-Cu nanocrystalline system. Similarly, the annealed nanocrystalline Fe 87Àx Zr 3:25 Nb 3:25 B 6:5 Cu x can reach nearly zero s at x ¼ 0:5, and 1.5 annealed under optimum heat treatment at 500-650 C for 1.8 ks. 4) In addition, as shown in Fig. 1 , a trace of Fe 3 B phase is observed at as-quenched amorphous x ¼ 0 and x ¼ 1, respectively. Interestingly, Fe 3 B phase is also found at the as-quenched ribbons with high Cu contents (such as x ¼ 5). Both precipitation of Fe 3 B and increasing amount of the amorphous worsen soft magnetic properties. 4 ) presented in the present work. From the application point of view, the former is better than the latter. The heat treatment of amorphous ribbon is an easy and effective route for obtaining refined -Fe nanostructure with excellent soft magnetic performance. [1] [2] [3] [4] Different from conventional method for preparing soft magnetic nanocrystalline where heat-treatment is necessary, in the present work we showed that the nanocrystalline Fe-Zr-Nb-B-Cu ribbons could be obtained without any heat treatment. In order to improve soft magnetic properties of as-quenched Fe-Zr-Nb-B-Cu ribbon, the lowering of wheel speed in melt-spinning process may be another useful way for further enhancement of crystallization.
Similar to the conventional annealed nanocrystalline ribbons, the as-quenched Fe 84 Zr 3:5 Nb 3:5 B 6 Cu 3 nanocrystalline ribbons are very brittle. As-quenched nanocrystalline ribbons could be easily cracked into powders to fabricate the composite powder cores, which are of many applications as magnetic parts having complex-shape. The very small magnetostriction of as-quenched Fe 84 Zr 3:5 Nb 3:5 B 6 Cu 3 nanocrystalline ribbons is beneficial to soft magnetic behaviors of composite powder cores, considering that the compacting pressures are needed in the fabrication processes of those cores.
It has been found that annealed Fe-M-B-(Cu) and Fe-Co-M-B-(Cu) nanocrystalline ribbons show giant magnetoimpedance (GMI) effect. [17] [18] [19] [20] For Fe 60 Co 18 Nb 6 B 16Àx Cu x (x ¼ 0 and 1) annealed ribbons, Blázquez et al. 20) also suggested that the formation of Cu clusters in x ¼ 1 enhances the nucleation of the -FeCo phase and refines the microstructure, improving soft magnetic properties and GMI effect. It has bee found that the annealed nanocrystalline Fe 87Àx Zr 3:25 Nb 3:25 B 6:5 Cu x (x ¼ 0:5 and 1.5) can present both nearly zero effective saturation magnetostriction and evident non-zero coercivities simultaneously. 4) There prob- 
Conclusions
An appropriate Cu addition in alloys enhances the nucleation of -Fe in as-quenched ribbons. Our results strongly confirm the previous conclusion for annealed Fe-Zr-B-Cu nanocrystalline ribbons that Cu clusters could serve the nucleation site for -Fe primary crystals. 9, 10) The re-enhancement of amorphous proportion at high Cu dopants (x ! 3:5) in as-quenched Fe-Zr-Nb-B-Cu may be due to the coarsening of Cu clusters and the decrease of effective number-density of Cu clusters. This result is consistent with the previous suggestion for annealed Fe 74:5Àx Si 13:5 B 9 Nb 3 Cu x nanocrystalline ribbon that the reduction of permeability for high Cu addition (x > 1) is due to the kinetics of Cu clustering and decrease of the effective number-density of Cu clusters, which serve the nucleation site for -Fe(Si).
13) The competition of such two effects of Cu element results in an optimal Cu addition for obtaining soft magnetic properties in as- 3 (x ¼ 3) , the effective permeability 0 (at 1 kHz and 1 A/m) is 2:4 Â 10 4 , the saturation magnetic induction Bs is about 1.18 T, and the effective saturation magnetization s is a very small negative value (having the absolute value less than 1 Â 10 6 ). 
